Members of the Hedgehog (Hh) family of proteins are conserved morphogens that modulate cell fates in target tissues in different developmental systems. Dysregulation of Hh signaling results in a wide range of human diseases. The mature Hh is dually lipid-modified, with palmitate at the N-terminus and cholesterol at the C-terminus. The lipid modifications are essential to the proper secretion and spreading of the morphogen throughout the extracellular matrix, interacting with heparan sulfate proteoglycans. However, the role of lipid modifications in regulating Hh range and activity remains controversial. Here, we aim to resolve this issue by providing a model that is congruent with current and past literatures. We propose that the cholesterol moiety functions to restrict the dilution and deregulated spread of the morphogen in the extracellular space.
Introduction
A key issue in developmental biology is how cells in a developing field acquire the positional information that will determine their fate. Secreted members of the Hedgehog (Hh) family are essential signaling molecules controlling growth and patterning in both vertebrates and invertebrates (1) . Hh proteins are considered to act as morphogens that can spread from localized sites of production to specify a diverse array of cell fates, ranging from segmental patterns in Drosophila larva cuticle to neurons in the vertebrate neural tube, in a concentrationdependent manner (1, 2) . The mature Hh is synthesized as a precursor protein that undergoes a series of postranslational modifications, leading to covalent attachment of a cholesterol moiety at its carboxyl-terminus and palmitic acid at its amino-terminus (Box1). The cholesterol moiety of Hh has been shown to tightly associate with the cell membrane (3) and a specific cellular mechanism has to be deployed to facilitate the release of the highly lipidated Hh from its source. The twelve-pass transmembrane protein, Dispatched (Disp), appears to fulfill this requirement (4) as it is only required for the release of cholesterol-modified Hh (Box 2). Thus, the cholesterol moiety of Hh is necessarily coupled to Disp function for the regulated release of Hh.
The extracellular spreading of Hh is a highly regulated process and is a critical determinant of morphogen gradient. The hydrophobic nature of Hh lipid modifications would be predicted to have a significant effect on the shape and range of activity gradients. Indeed, expression of different forms of Hh that lack either cholesterol moiety (Hh-N or Shh-N) or palmitic acid (HhC85S or ShhC25S) in several animal models led to profound alterations in spreading and signaling properties of Hh. The loss of palmitoylation resulted in strong developmental defects, indicating that palmitate modification is required for Hh activity (5-9). The loss of activity in HhC85S may be associated with the observation that it is not internalized by its receptor Patched in Drosophila imaginal disc epithelia (10) , although in vitro experiments indicate that purified ShhC24S is capable of binding to Patched as efficiently as lipidated Hh (11) . In contrast, the cholesterol moiety does not appear to be much necessary for Hh activity (12). Instead, it appears to affect the capacity of Hh to signal by modulating its distribution.
However, its role in regulating Hh spread and signaling in Drosophila and vertebrates is controversial. The major issue that needs to be resolved is whether the cholesterol moiety promotes or restricts Hh spreading to generate a defined activity gradient. Here, we provide a unifying model of the functions of the cholesterol moiety that is congruent with current and past literatures.
Cholesterol modification in the regulation of Drosophila Hh gradient
Although the Hh signal was first described as a morphogen in the segmental patterning of the Drosophila larval cuticle (13), the adult wing pattern offers a unique readout of Hh signaling. To analyze the cause of the discrepancy, we have to consider the experimental method used to generate Hh-expressing clones. In all three reports, the various forms of Hh were expressed in flies using the Gal4/UAS system, which allows expression of UAS transgenes (Hh, Hh-N or HhC85S) in ectopic Gal4 clones (19) . To visualize the gradient, Callejo et al. used the GFP-tagged forms of Hh, but experiments were also performed with untagged forms, which gave identical results (10). The expression level of Hh will depend on the number of cells in the ectopic clone (clone size) and/or the level of ectopic protein induced after Gal4 induction. Also pertinent to this discussion is the observation that Hh-N has a decreased affinity for plasma membrane (18) This may explain the apparent reduction of high threshold Hh-N responses and the range over which these target genes are normally activated. On the other hand, the induction of low threshold Hh response genes at a distance is sensitive to Hh expression level (i.e, clone size) at the source. In small clones, as in studies by Gallet et al., Hh-N concentration would be below the threshold levels to exert long-range signaling activity and to be detected by antibody staining (18) . In large clones, however, the higher level of Hh-N production would permit detection of long-range Hh-N spreading and the activation of low threshold responses (10) , (17) . This dilution of Hh-N into the extracellular space is more apparent when Hh-N is expressed only in the peripodial membrane (10, 18) . Under this experimental condition, Hh-N is presumably secreted into the lumen to activate low threshold target genes in the subjacent epithelium as it accumulates near its apical surface. Therefore, from the three recent reports and from a previous one (4), we can deduce that restricting Hh spreading by the cholesterol moiety prevents Hh dilution, permitting both correct Hh reception and precise Hh spreading through the epithelial surface. The critical role of the interaction of lipidmodified Hh with extracellular components in limiting Hh dilution has also been suggested in a mathematical model for Hh gradient formation (23) .
Cholesterol modification in regulating the Shh gradient
Analogous to the Drosophila wing imaginal disc, the vertebrate limb bud has become an ideal model system to elucidate morphogen gradient action. By contrast, activation of ectopic Shh target genes in the dorsal forebrain neuroepithelium occurs much later during development, presumably due to a requirement for low level ShhN to accumulate to an effective concentration threshold (X. Huang, Y. Litingtung and C. Chiang, unpublished data), similar to that observed in Drosophila when Hh-N is expressed in the peripodial epithelium (10, 18) . Based on this finding and recent Drosophila studies, the emerging theme is that the cholesterol moiety functions to generate a steep Hh gradient across a morphogenetic field by restricting Hh dilution and unregulated spreading (Fig. 2) .
At least two models that are not mutually exclusive could be envisioned in which the cholesterol moiety functions to increase local Shh concentration and prevents unregulated Shh 
Concluding remarks and future directions
The data suggest that the mechanisms of Hh secretion and spreading is largely conserved throughout evolution from Drosophila to vertebrates, in spite of some functional divergences in the intracellular signaling that Hh elicits in the receiving cells. It is evident that cholesterol modification of Hh is essential to restrict dilution and deregulated spreading of the morphogen through the extracellular environment. In its absence, Hh spreads far from the source and has capacity to elicit ectopic low threshold pathway activation that depends on Hh expression level, tissue types and tissue responsiveness. Similar logic may also explain the paradoxical observation that Shh that lacks palmitate modification is localized to its site of synthesis in several embryonic tissues (9) . Analysis of Shh distribution in early stage embryos where ShhC25S transcript is not appreciably compromised may resolve this issue.
While the HSPGs appear to play a key role in regulating Hh movement, it is unclear as to how these extracellular proteins modulate Hh spreading, stability and signaling specificity. Are How specific are the SSD domains of Ptc and Disp? New model systems with cell biological and biochemical advances should help to elucidate some of these questions.
Box1: Lipid modifications of Hh signal.
The mature and signaling domain of Hh protein is located in the amino (N)-terminal portion of the precursor protein and it is generated through an internal autocleavage at a glycine (G)
residue. The cleavage reaction is mediated by the carboxy terminal domain of the Hh precursor, which also serves to couple cholesterol covalently to the N-terminal product of the signaling domain (reviewed in (11)). A second lipid modification that incorporates palmitic acid occurs at the amino-terminal cysteine (C) exposed after signal peptide cleavage (32) .
Cholesterol modification does not appear to be required for palmitoylation as a detectable amount of HhN was palmitoylated (9) . This acylation appears to be catalyzed by the product of the sightless gene, also designated skinny hedgehog, centralmissing or rasp ( HhNp is secreted from the posterior Drosophila wing imaginal disc or vertebrate limb bud and activates high threshold (++) targets near the source and low threshold targets (+) further away from the source. Note that in vertebrate limb buds, low and high threshold readouts of Shh activity may reflect the expression levels rather than distinct targets. In the absence of cholesterol, Hh-N does not interact with extracellular components such as HSPG efficiently and thus, it has propensity to spread far from the source and is capable of activating low threshold target genes at an extended range. However, if Hh-N expression level is low, the activation of low threshold target genes will not be detected, as Hh-N concentration would be below the threshold levels required to exert long-range signaling activity. Thus, the cholesterol moiety prevents Hh dilution by restricting Hh spreading, permitting both correct
Hh reception and precise Hh spreading through the cell surface.
